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In the eastern U.S., fire is a natural disturbance process in Quercus (oak) forests. Fire is 
thought to promote oak regeneration and plant diversity by reducing competition, preparing a 
suitable seedbed, and increasing light availability. However, the era of fire suppression that 
began in the early 20th century is thought to have negatively impacted oak regeneration and the 
biodiversity of the understory layer. In this study, we examined the effects of prescribed fire on 
tree regeneration and the understory layer over 25 years. From a study initiated in 1994, we re-
sampled 45 permanent vegetation plots measuring 1250 m2 across three fire treatments 
(unburned, burned every three years, annually burned) in the Wayne National Forest, Ohio. 
Pretreatment data was collected in 1995, low-intensity prescribed burns were conducted during 
1996-1999, and that was followed by a somewhat fire-free period. Herbaceous plants, woody 
plants, and tree seedlings were tallied and identified in 16 quadrats measuring 2 m2, and saplings 
were tallied and identified in 312.5 m2. Using linear models and model selection using Akaike 
information criterion (AIC), we examined if seedling and sapling density changed from 1995 to 
2019 and 2002 to 2019 in relation to fire, light availability, soil nutrients, and soil moisture. 
Changes in species richness for the understory layer was examined using linear mixed effects 
models. Differences in species composition were examined using Bray-Curtis dissimilarity, non-
metric multidimensional scaling, and permutational analysis of variance (PERMANOVA). 
Through time, Quercus saplings increased on some burned xeric areas (p < 0.01), while Acer 
seedlings and saplings decreased regardless of fire treatment and soil moisture (p < 0.01). Soil 
texture, forest structure, Integrated Moisture Index, and soil macronutrients were most related to 
changes in Quercus sapling density from 1995 to 2019. For the understory layer, species richness 
increased on burned areas through time (p < 0.01) and differences in species composition 
x 
between fire treatments were significant (p = 0.05), with no significant effect of soil moisture for 
either changes in species richness or composition. Our results indicate that prescribed fire 
positively influenced Quercus regeneration on xeric sites and understory species richness across 
the moisture gradient over 25 years.
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CHAPTER 1  
HE EFFEC  OF FIRE ON OAK FORE  REGENERA ION: A 25- EAR D  
INTRODUCTION  
 The importance of fire in ecosystems can be traced back to when fire was first 
documented in the fossil record in the late-Silurian period (Scott & Glasspool, 2006). Fire has a 
large effect on forest ecosystem structure and function by influencing regeneration, reducing tree 
density, shifting species composition and competitive interactions, altering nutrient and light 
availability, and reducing fuel loads (Boerner et al., 2000; Hutchinson, Yaussy, et al., 2012; 
Keyser et al., 1996).  Thus, changing fire regimes, including fire suppression and exclusion and 
the subsequent re-introduction of fire, are likely to influence plant communities and ecosystem 
properties in complex and important ways.  
Oak (Quercus) forests are widespread in the eastern United States (U.S.) covering 191 
million acres (Abrams, 1992; Nowacki & Abrams, 2008; Stein et al., 2003). Oak dominance in 
eastern U.S. forests is vital for maintaining critical habitat and providing both food resources for 
dozens of wildlife species and important ecosystem services for humans (Keyser et al., 2019; 
McShea et al., 2007). Dendrochronological records indicate that oak forests had recurrent 
regimes of fire with average fire return-intervals of 2 to 20 years (Hutchinson et al., 2008, 2019; 
McEwan et al., 2007, 2014; Shumway et al., 2001; Sutherland, 1997). Fire that occurred in oak 
forests prior to European settlement is hypothesized to be a primary driver that resulted in oak 
dominance in many eastern U.S. forests (Guyette & Spetich, 2003; Shumway et al., 2001). This 
is because oaks are fire adapted due to relatively thick bark, the ability to resprout after being 
top-killed, and several other traits (Brose and Van Lear, 1998; reviewed in Johnson et al., 2009). 
Also, recurrent fires are thought to have promoted oak regeneration by reducing competition 
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with mesic, shade-tolerant, and fire-sensitive species (Abrams et al., 1995; Nowacki & Abrams, 
2008). 
Oak regeneration has declined during the period of fire exclusion in North America that 
began in approximately 1930 (Abrams, 1992, 2005; Shumway et al., 2001). The primary factor 
that limits oak recruitment in the absence of fire is the increased abundance of shade-tolerant, 
fire-sensitive species (e.g. red maple, Acer rubrum L., sugar maple, Acer saccharum Marsh.), 
which reduce light reaching oak seedlings in the understory (Abrams, 1998; Fei & Steiner, 2007; 
Knott et al., 2019; Lorimer et al., 1994). Without fire, maples and other shade-tolerant species 
often out-compete oaks for available light in historically oak-dominated forests (Abrams, 1990; 
Soucy et al., 2005). When fire-tolerant species like oaks are replaced by mesic, shade-tolerant, 
and fire-intolerant species, moisture and humidity increases and flammability decreases (the 
process of mesophication), with additional negative effects on oak regeneration (Alexander et al., 
2021; Nowacki & Abrams, 2008). Over the long-term, oak regeneration failure will result in 
shifts in overstory forest composition from oak-dominated stands to stands dominated by 
mesophytic, shade-tolerant species (e.g. Acer spp.). 
Mesic sites are thought to be at greater risk of mesophication than dry sites when fire is 
excluded, due to generally higher abundances of mesophytic species (Nowacki & Abrams, 
2008). Hutchinson, Yaussy, et al. (2012) found support for this hypothesis as 95% of saplings on 
mesic sites where fire was excluded were shade-tolerant species. In contrast to mesic sites, dry 
sites with repeat fires had increases in oak, hickory, and sassafras saplings and a decrease in 
shade-tolerant species. Thus, divergent responses to fire are likely to occur depending on soil 
moisture, which underscores the need to assess the impacts of prescribed fire along existing soil 
moisture gradients. 
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Since the benefits of fire for oak regeneration have been recognized (the oak-fire 
hypothesis) (Abrams, 1992), fire has been reintroduced to oak forests via prescribed burning to 
reverse mesophication and to promote oak regeneration (Arthur et al., 2012; Brose, 2014; Van 
Lear & Waldrop, 1991). Several studies have assessed the impact of fire in oak forests over 
periods of less than 15 years with inconsistent results, such as: no significant effects of fire on 
oak regeneration (Arthur et al., 1998; Franklin et al., 2003; Hutchinson, Sutherland, et al., 2005; 
Keyser et al., 2019); decreases in oak sapling densities in response to fire (Blankenship & 
Arthur, 2006; Hutchinson, Sutherland et al., 2005); and, increases in oak regeneration with 
frequent fire (Brose & Van Lear, 1998; Hutchinson, Yaussy, et al., 2012; Kruger & Reich, 1997; 
Thomas-Van Gundy et al., 2015). These inconsistent outcomes likely result from variable 
responses to fire depending on underlying environmental conditions (e.g. soil moisture), stand 
conditions, and fire regime characteristics. Several studies have also examined oak regeneration 
patterns in response to creation of canopy gaps via natural processes (e.g. wind disturbance, fire) 
or management activities (mechanical thinning) (Brose & Van Lear, 1998; Hutchinson, Yaussy, 
et al., 2012; Iverson et al., 2008, 2017; Izbicki et al., 2020).  
Collectively, these results suggest that more open canopy conditions generally promote 
advanced oak regeneration, especially on dry sites and when coupled with prescribed fire (Brose 
& Van Lear, 1998; Hutchinson, Yaussy, et al., 2012; Iverson et al., 2008; Izbicki et al., 2020). 
While these studies have made important contributions to our understanding of oak regeneration 
responses to the reintroduction of fire along moisture and light availability gradients, there is a 
need to understand the effects of prescribed fire over longer periods of time, as multiple fires that 
reduce stand density, along with a fire-free period, may be necessary for oaks to recruit into the 
midstory (Brose, 2014; Hutchinson, Sutherland, et al., 2005; McEwan et al., 2007).  
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We quantified the effects of prescribed fire on tree regeneration of multiple species 
through a 25-year period in southern Ohio, U.S. to quantify longer-term effects of fire in dry 
versus mesic sites. Specifically, we asked: (1) how does Quercus and Acer regeneration vary 
under different fire regimes?; (2) do the outcomes of prescribed fire differ on xeric, intermediate, 
and mesic sites?; and, (3) which limiting resources (light, nutrients, or soil moisture) are most 
strongly related to the regeneration of major species groups? Understanding the effects of 
prescribed fire on oak regeneration along moisture gradients over longer time periods will help to 




Data collection took place in the Ironton Ranger District of the Wayne National Forest, 
Ohio, U.S. in two areas: Young’s Branch and Bluegrass Ridge. These areas are located in the 
Southern Unglaciated Allegheny Plateau region, characterized by dissected topography 
consisting of narrow ridges, steep slopes, and attenuated valleys (McNab et al., 2007). Elevation 
ranges from 201 m to 304 m (Thornton et al., 2018). Mean annual temperature is 12.18 °C and 
mean annual precipitation is 1244 mm, which is distributed fairly evenly throughout the year 
(Thornton et al., 2018). Both areas were clear-cut during the late 19th century to early 20th 
century for charcoal and timber production (Stout, 1933; Sutherland & Hutchinson, 2003). These 
forests are approximately 100-150 years old and dominated by several oak and hickory species: 
white oak (Quercus alba L.) and chestnut oak (Quercus montana Willd.) are the most abundant 
species in the overstory (Sutherland & Hutchinson, 2003).  
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The historic fire regime of oak forests in southern Ohio is characterized by low intensity 
surface fires that occurred at the transition between the dormant and growing season (March to 
April, October to November) with a fire return interval of 5-15 years (Hutchinson et al., 2008; 
McEwan et al., 2007; Sutherland, 1997). In the early 20th century, fires were largely suppressed 
and excluded from forests (Brose et al., 2001; Sutherland & Hutchinson, 2003). In the region, 
lightning-ignited fires can occur, but nearly all fires are caused by human ignitions (Haines & 
Johnson, 1975; Ruffner & Abrams, 1998). In the Wayne National Forest, most fire now occurs 
through prescribed burning conducted in the early spring or late fall as a management tool to 
promote oak regeneration.  
Experimental Design 
Our work is a continuation of the study presented in Hutchinson, Sutherland, et al. 
(2005). In 2019, we resampled 45 plots from a fire experiment that was initiated in 1994 
(Appendix B) (described in Hutchinson, Sutherland, et al., 2005; Sutherland & Hutchinson, 
2003). Within both Bluegrass Ridge and Young’s Branch, 25 ha units were designated for one of 
three fire treatments: unburned (control), periodic fire (every three years), and annual fire (every 
year) with nine plots per treatment unit (for a total of 54 plots in the original experiment) (see 
Figure 5c,d of  Sutherland & Hutchinson, 2003). Prescribed fires were low intensity 
(Hutchinson, Sutherland, et al., 2005) and were implemented during the dormant season in early 
spring (March-April) from 1996 to 1999 (Appendix C). The plots were initially chosen in 1994 
to represent existing soil moisture gradients (Hutchinson, Sutherland, et al., 2005) and were 
located using an Integrated Moisture Index (IMI) (Iverson & Prasad, 2003; Iverson et al., 1997). 
IMI is calculated using a geographic information system to predict the average, long-term 
moisture available to plants at 30-m resolution using slope/aspect (hillshade), landscape 
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curvature, the cumulative flow of water downslope, and soil water holding capacity (Iverson & 
Prasad, 2003; Iverson et al., 1997). For each of the 45 plots, an average IMI was calculated using 
values from the four plot corners and two midpoints (see Iverson & Prasad, 2003), resulting in 
plot-level IMI values between 26.1 (driest) and 67.7 (wettest). In addition, plots were also 
assigned to an IMI category: xeric (IMI < 35, N = 15), intermediate (IMI 35 to 45, N = 15), or 
mesic (IMI > 45, N= 15). Pre-treatment vegetation data were collected in 1995, and vegetation 
data was collected annually from 1996-1999 and in 2002. After the 5-year fire experiment ended 
in 1999, Young’s Branch received one additional prescribed fire in 2008 that burned both the 
periodic and annual burn units, as well as the control unit, which was included for operational 
reasons. Bluegrass Ridge received additional prescribed fires in 2004, 2015 and 2019 on the 
periodically and annually burned treatment areas (Appendix C). The control unit at Bluegrass 
Ridge has no record of recent prescribed fire or wildfire. 
Field Sampling 
 The same methodology was followed in 2019 as in 1995-1999 and 2002 except where 
otherwise noted. Plots were sampled during May to August in all years. Plots were permanently 
marked using steel rebar and were re-located using GPS and a metal detector. Each plot was 50 
m by 25 m (1250 m2) and had two subplots (each 625 m2): the regeneration subplot and the 
herbaceous subplot. In all years, all living trees (≥10 cm DBH) within each 1250 m2 plot were 
identified to species and DBH was measured. Tree saplings (≥1.37 m tall and less than 10 cm 
DBH) were tallied and identified to species in half of the regeneration subplot (312.5 m2) (Figure 
1). From 1995-1999, tree seedlings (individuals <1.37 m tall), were identified and tallied in two 
4 m2 circular subplots in the regeneration subplot. In 2002 and 2019, seedlings were identified 
and tallied in a larger area: 16 quadrats measuring 2 m2 located along four 25 m transects that 
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were spaced 5 m apart in the herbaceous subplot (Figure 1). A larger area was sampled in 2002 
and 2019 to more fully characterize seedling responses to prescribed fire (Hutchinson, Yaussy, et 
al., 2012). In 2019 only, percentage cover was visually estimated using cover classes of 0-1%, 1-
2%, 2-5%, 5-10%, 10-25%, 25-50%, 50-75%, 75-95%, and 95-100% for all shrubs and all herbs 
within each plot.  
 
Figure 1. Plot Diagram 
Plot sampling design comprised of a 50 m by 25 m (1,250 m2) plot split into two subplots (625 
m2 each): the regeneration subplot and the herbaceous subplot. In all years, sapling sampling 
took place within a sapling sampling subplot (312.5 m2) shown in gray within the regeneration 
subplot. Seedling sampling in 1995-1999 occurred in two 2 m2 circular subplots (4 m2 in total) 
within the regeneration subplot. In 2002 and 2019, seedling sampling occurred within 16 2 m2 
quadrats that were randomly established along four 25 m transects in the herbaceous subplot. 
 
8 
Leaf litter depth (cm) was recorded in the center of each of the 16 2 m2 quadrats in 2019 
from the bare soil to top of the leaf litter (includes upper litter, fermentation, and humic layers). 
Thereafter, mean leaf litter depth for each plot was calculated using the 16 measurements. 
Surface (0-10 cm) and subsurface (10-30 cm) soil samples were collected in 2019 from the 
center of both the regeneration and herbaceous subplots (total of four samples per plot) and 
analyzed for texture (sand, silt, clay %), nutrients (N, P, Al, B, Ca, Cu, Fe, H, K, Mg, Mn, Na, S, 
Zn), organic matter, base saturation, total exchange capacity, pH, and estimated nitrogen release 
by Brookside Laboratories Inc., using Mehlich III extraction (Mehlich, 1984). We then 
calculated mean soil variables for surface soils and subsurface soils separately by averaging 
values from the two subplots. In 1995 and 2019, a hemispheric photograph using a fisheye lens 
was taken in the center of each plot with the camera facing upslope to estimate canopy openness. 
The photographs were analyzed using Gap Light Analyzer software (Frazer et al., 1999). 
Thereafter, we calculated changes in canopy openness from 1995 to 2019. 
Data Analysis 
We assigned seedlings and saplings of each tree species to one of five species groups: 
Quercus, Acer, Carya, shade-tolerant, or shade-intolerant (Appendix D). We grouped species not 
included in the Quercus, Acer, and Carya species groups based on whether they were shade-
tolerant or shade-intolerant according to the USDA PLANTS database (USDA NRCS, 2021). 
Species groups were used to characterize regeneration patterns for tree species with similar and 
unique functional strategies and to overcome absences of species in several plots. For each 
species group and each plot, we calculated tree seedling and sapling density per hectare (ha) for 
1995-1999, 2002, and 2019. Basal area (m2 per hectare) for trees (individuals > 10 cm DBH) was 
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calculated for each species group and each plot, along with changes in basal area from 1995 to 
2019. 
Our goal was to characterize changes in seedling and sapling density by species group 
from 1995 to 2019 and from 2002 to 2019 in order to quantify fire effects since the pre-treatment 
year (1995) to present, but also to document shifts in regeneration after the cessation of the fire 
experiment (2002) to present and the fires that followed. As such, we calculated the change in 
seedling density (per ha) and the change in sapling density (per ha) from 1995 to 2019 and from 
2002 to 2019 for each species group and for each plot.  
  We used linear models to determine the degree to which change in seedling and sapling 
densities from 1995 to 2019 and 2002 to 2019 were related to fire, light availability, soil 
nutrients, and/or soil moisture. Prior to model building, we centered and scaled all predictor 
variables, so they were weighted equally in models. Next, to avoid collinearity, we created a 
correlation matrix containing predictor variables and used a threshold of ±0.6 to exclude 
correlated variables from the same model. We created seven groups of predictor variables that 
we hypothesized a priori would be related to seedling and sapling density which collectively 
represented fire regime, light availability, soil nutrients, and soil moisture. The seven groups 
were: fire variables, tree canopy variables, forest understory variables, soil base cations, soil 
macronutrients, soil texture, and soil moisture (individual variables in each group are provided in 
Table 1). Tree canopy and forest understory variables are collectively referred to as forest 
structure variables. We build models using these seven groups of predictor variables to 
understand how fire, light availability, soil nutrients, and soil moisture related to regeneration 
patterns through time. 
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Table 1. Predictor Variable Groups 
Predictor variable groups and associated predictors used in linear models. FRI = fire return 
interval (years), TSF = time since fire (years), MLLD = mean leaf litter depth (cm). ΔCO = 
change in canopy openness from 1995 to 2019, Δtree BA = change in tree basal area from 1995 
to 2019 (m2/ha), SG BA19 = species group basal area in 2019 (m2/ha). Shrub cover and herb 
cover were measured as a percentage (%) and total UC = total understory cover (%). CEC = 
cation exchange capacity (mEq/100g), Ca = calcium (mg/kg and %), Mg = magnesium (mg/kg 
and %). K = potassium (mg/kg and %), NO3 = nitrate (ppm), NH4 = ammonium (ppm), ENR = 
estimated nitrogen release (#N/ acre), P = phosphorus (mg/kg), Bray P 1 = phosphous available 
to plants (ppm). Clay, silt, and sand were measured as percentages (%). IMI = intergrated 
moisture index (range from 0-100).   
Model selection using AIC (Anderson & Burnham, 2002) was implemented to identify 
which variables from the seven predictor groups were most related to changes in regeneration 
density. Using RStudio (RStudio Team, 2020), we fit approximately 6 models each for sapling 
Predictor Variable Groups 










FRI  ΔCO  Shrub cover  pH K clay  IMI 
Fire frequency Δtree BA  Herb cover CEC NO3  silt 
 






    
P 
  
        Bray P 1     
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and seedling density for each species group and time period (1995-2019, 2002-2019) (113 
models in total). We fit all possible models for each response variable (N = 20) by selecting at 
maximum one predictor from each of the seven predictor groups and using uncorrelated 
predictors that represented each predictor group. The predictor variable that had the lowest AIC 
from each group was selected and used in different combinations of models, which were then 
compared and ranked using AIC. Most models had one to three predictors and all had fewer than 
five. We present multiple models rather than just the model with the lowest AIC to provide 
perspective on which of our seven predictor groups were consistently most related to changes in 
regeneration through time. All models reported have an R2 of at least 0.05. We also fit models to 
examine the relationship between response variables and the original fire treatments (no fire, 
periodic fire, and annual fire) and IMI categories (xeric, intermediate, and mesic).  
RESULTS 
Changes in the tree canopy and subcanopy layer through time 
Across all plots, mean basal area increased from 1995 to 2002 but decreased by 2019 
(1995 = 34.29 m2/ha, 2002 = 35.42 m2/ha, 2019 = 27.96 m2/ha).  Mean canopy openness 
increased from 1995 to 2019 (1995 = 4.28%, 2019 = 12.34%) and mean tree density decreased 
through time (1995 = 386 stems/ha, 2002 = 342 stems/ha, 2019 = 303 stems/ha).  
Mean sapling density decreased from 1995 to 2002 (1995 = 2,509 stems/ha, 2002 = 342 
stems/ha), but increased from 2002 to 2019 (2019 = 1,893 stems/ha). In 1995, the three most 
abundant species in the subcanopy layer were Cornus florida (mean saplings/ha = 841), Acer 
saccharum (mean saplings/ha = 617), and Acer rubrum (mean saplings/ha = 401). By 2002, 
Cornus florida decreased substantially (mean saplings/ha = 23.70), due to mortality caused by 
dogwood anthracnose (Discula destructiva) (Hutchinson, Sutherland, et al., 2005), and Asimina 
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triloba, Acer saccharum, and Acer rubrum were the subcanopy dominants. In 2019, Asimina 
triloba (mean saplings/ha = 656), Quercus montana (mean saplings/ha = 375), and Quercus alba 
(mean saplings/ha = 367) were the three most abundant subcanopy species.    
Quercus seedling density decreased from 1995 to 2002 but increased slightly by 2019. 
Quercus sapling density decreased from 1995 to 2002 but increased substantially by 2019, which 
was driven by a small number of xeric burned plots with large increases in Quercus sapling 
density (Figure 2). After an initial increase from 1995 to 2002, Acer seedling density decreased 
from 2002 to 2019 to density levels lower than 1995 pre-treatment conditions (Figure 2). Acer 
sapling density decreased consistently over both time periods (Figure 2). Carya seedling density, 
similar to that of Quercus, decreased slightly from 1995 to 2002 and then increased slightly by 
2019, while Carya sapling density was higher in 2019, relative to 1995 and 2002, again similar 
to Quercus (Figure 2). Shade-intolerant seedling density decreased through time (Figure 2). 
Similar to Quercus and Carya, shade-intolerant sapling density was higher in 2019, relative to 
previous years (Figure 2). Shade-tolerant seedling and sapling density decreased from 1995 to 
2002 but increased thereafter from 2002 to 2019 (Figure 2). Despite this, shade-tolerant seedling 
and sapling densities were lower in 2019 relative to 1995 pre-treatment conditions. In some 
years, several plots had much greater than average densities of seedlings (>50,000/ha) or 
saplings (>1,000/ha), especially for Acer, shade-intolerant species, shade-tolerant species, and 
Quercus in 2019 (Figure 2).  
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Figure 2. Boxplots of species groups for 1995, 2002, and 2019 
Seedlings per ha (A) and saplings per ha (B) by species group for 1995, 2002, and 2019. The 
values shown in the boxplot are the median (horizontal black line), first and third quartiles (ends 
of the box), and range across all plots (vertical black lines) excluding the outliers (black dots).  
The red squares represent the mean seedlings or saplings per ha for each species group and year.   
Question 1: How does Quercus and Acer regeneration vary under different fire regimes? 
Changes in Quercus seedling and sapling density were not significantly different across 
control or fire treatments over either time period (Figure 3). However, a few xeric plots had large 
increases in 2019 in Quercus sapling density in the periodic fire treatment and one plot had large 
increases in the annual fire treatment (Figure 3, Appendix E). Decreases in Acer seedling density 
from 1995 to 2019 were significantly larger on annually burned plots relative to both the periodic 
fire treatment and control (p < 0.01; Figure 3). However, changes in Acer seedling density from 
2002 to 2019 were not significantly different across the control or fire treatments, as Acer 
seedling density declined substantially in both control and fire treatment plots (Figure 3). 
Decreases in Acer sapling density from 1995 to 2019 were larger in both the annual and periodic 
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fire treatments, relative to the control, but those differences were not significant (Figure 3). In 
contrast, decreases in Acer sapling density from 2002 to 2019 were significantly different and 
larger for the periodic fire and annual fire treatments relative to the control (p = 0.02 and p < 
0.01, respectively; Figure 3).  
 
Figure 3. Boxplots of fire treatment and year for Quercus and Acer 
Seedlings per ha (A) and saplings per ha (B) for Acer and Quercus for each year (1995, 2002, 
2019) and fire treatment: control (no fire), periodic (every two years), and annual (every year). 
Values shown in the boxplot are the median (horizontal black line), first and third quartiles (ends 
of the box), and range across all plots (vertical black lines) excluding the outliers (black dots). 
The red squares represent the mean seedlings or saplings per ha for each species group and each 






Question 2: Do the outcomes of prescribed fire differ on xeric, intermediate, and mesic 
sites? 
Quercus seedling density changed very little from 1995 to 2019 across all moisture 
categories, but increased on xeric sites from 2002 to 2019, relative to intermediate and mesic 
sites (p = 0.01, p < 0.01; Figure 4). These increases on xeric sites resulted in similar densities 
between pre-treatment conditions in 1995 and 2019 (Figure 4). Quercus sapling density 
increased during1995 to 2019 and 2002 to 2019 in xeric sites (p = 0.03), but not in intermediate 
or mesic sites (Figure 4, Appendix E). Acer seedling density decreased through time across all 
soil moisture categories, and changes from 1995 to 2019 were not significantly different across 
moisture categories (Figure 4). However, decreases in Acer seedling density from 2002-2019 
were smaller on xeric sites relative to intermediate sites (p = 0.04). Acer sapling density 
decreased from 1995 to 2019 and 2002 to 2019 but the decreases were not significantly different 
between soil moisture categories (Figure 4). 
 
Figure 4. Boxplots of soil moisture categories and year for Quercus and Acer 
Seedlings per ha (A) and saplings per ha (B) for Acer and Quercus for each year and soil 
moisture category (xeric, intermediate, and mesic). Values shown in the boxplot are the median 
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(horizontal black line), first and third quartiles (ends of the box), and range across all plots 
(vertical black lines) excluding the outliers (black dots). The red squares represent the mean 
seedlings or saplings per ha for each species group and year.   
Changes in Quercus seedling density from 1995 to 2019 were not significantly different 
across moisture-fire treatment categories (Figure 5). From 2002 to 2019, Quercus seedling 
density increased on all xeric sites, irrespective of fire treatment, and was significantly higher 
than on intermediate and mesic sites (p < 0.05; Figure 5). Quercus sapling density increased 
from 1995 to 2019 and from 2002 to 2019 on burned xeric sites (periodic and annual treatments) 
(p < 0.05; Figure 5).  
From 1995 to 2019, Acer seedling density decreased on annually burned plots across all 
soil moisture categories (p < 0.01; Figure 5). Between 2002 and 2019, Acer seedling density 
decreased across all intermediate and mesic sites, regardless of fire treatment (p < 0.05; Figure 
5). From 1995 to 2019, Acer sapling density decreased across all intermediate and mesic sites, 
regardless of fire treatment (p < 0.05; Figure 5). Acer sapling density also decreased on xeric 
sites, but the trend was weaker (p = 0.05 to 0.1; Figure 5). Acer sapling density decreased across 
xeric and mesic control plots from 2002 to 2019 (p < 0.05; Figure 5), but increased slightly on 
intermediate, annually burned sites (p = 0.06; Figure 5). 
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Figure 5. Boxplots of soil moisture categories and fire treatment for the change in Quercus 
and Acer seedlings and saplings from 1995-2019 and 2002-2019 
Change in Quercus seedlings (A) and saplings (B) per ha and change in Acer seedlings (C) and 
saplings (D) per ha across all soil moisture-fire treatment combinations from 1995 to 2019 and 
2002 to 2019. Values shown in the boxplot are the median (horizontal black line), first and third 
quartiles (ends of the box), and range across all plots (vertical black lines) excluding the outliers 
(black dots). The red squares represent the mean seedlings or saplings per ha for each soil 
moisture category, fire treatment, and time period.   
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Question 3: Which limiting resources are most strongly related to the regeneration of 
major species groups? 
Seedling Models 1995-2019 
Total understory cover and shrub cover were weakly negatively related to changes in 
Quercus seedling density (p = 0.06 and p = 0.07; Table 2), suggesting reduced understory cover 
benefited Quercus seedlings. In the best model (i.e., model with the lowest AIC), changes in 
Acer seedling density were negatively related to fire frequency (p = 0.01), indicating Acer 
seedling density decreased with more frequent fire (Table 2). Ammonium and fire return interval 
were positively related to changes in Acer seedling density (Table 2). For Carya seedling 
density, the best model included change in canopy openness, which was weakly negatively 
related to changes in Carya seedling density (p = 0.02; Appendix F). In addition, total understory 
cover was also weakly negatively related to changes in Carya seedling density (p = 0.05). The 
best model for change in shade-intolerant seedling density included time since fire and calcium, 
which were positively and negatively related, respectively (p = 0.05, p = 0.13). In addition, fire 
return-interval was weakly negatively related to changes in shade-intolerant seedling density (p = 

















-2583 1317 43 -1.96 0.056 950.4 0.06 




1 Fire Frequency -6697 2569 43 -2.61 0.013 1010.6 0.12 
2 Fire Frequency + -6161 2584 42 -2.38 0.022 1010.8 0.13 
Ammonium 3298 2584   1.27 0.209 





1 IMI +                               -1678 1008 42 -1.66 0.103 921.03 0.18 
Potassium 2204 1008   2.19 0.034 
2 IMI + -1852 982 42 -1.88 0.066 921.04 0.18 
Magnesium 2145 982   2.18 0.035 
3 Potassium 2810 959 43 2.93 0.005 921.91 0.15 
4 IMI + -2587 963 42 -2.69 0.010 922.99 0.14 
Ammonium -1609 963   -1.67 0.102 




1 Time Since Fire + 5233 2664 41 1.96 0.056 1013.07 0.31 
Acer BA +     -8191 2669   -3.07 0.004 
Est N Release 6689 2594   2.58 0.014 
2 Time Since Fire + 4613 2703 41 1.71 0.095 1014.11 0.29 
Acer BA + -8158 2700   -3.02 0.004 
Ammonium 6198 2628   2.36 0.023 
3 Acer BA + -9427 2681 42 -3.51 0.001 1015.12 0.26 
Est N Release 6588 2681   2.46 0.180 
4 Acer BA + -9269 2679 42 -3.46 0.001 1015.2 0.26 
Ammonium 6538 2679   2.44 0.019 
5 Time Since Fire + 5097 2837 42 1.80 0.080 1017.83 0.21 
Acer BA -7766 2837   -2.74 0.009 
6 Acer BA -8977 2827 43 -3.17 0.003 1019.16 0.17 
7 Time Since Fire 6941 2957 43 2.35 0.024 1023.22 0.09 
Table 2. Quercus and Acer seedling model results from 1995-2019 and 2002-2019 
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Models relating changes in Quercus and Acer seedling density from 1995-2019 and 2002-2019 
to fire, tree canopy, forest understory, soil base cations, soil macronutrients, soil texture, and soil 
moisture. Bold text indicates the model with the lowest AIC for each response variable. 
Seedlings Models 2002-2019 
Changes in Quercus seedling density were negatively related to IMI, positively related to 
potassium and magnesium and negatively to ammonium, indicating Quercus seedling density 
increased in dry sites with lower nitrogen availability (Table 2). In contrast, time since fire and 
soil nitrogen were positively related to changes in Acer seedling density, while Acer basal area 
was negatively related (Table 2). In the best and only model, changes in Carya seedling density 
had a weak negative relationship with nitrate (p = 0.03; Appendix F). Calcium and pH were 
weakly positively related to changes in shade-tolerant seedling density (p = 0.02, p = 0.04), while 
magnesium was weakly negatively related (p = 0.03; Appendix F). Time since fire and shrub 
cover were negatively related to changes in shade-intolerant seedling density, while IMI was 
positively related (Appendix F), indicating shade-intolerant seedlings increased more on mesic 
sites that were not recently burned. Changes in shade-intolerant seedling density were also 
related to other fire variables and positively related to base cation availability (Appendix F).   
Sapling Models 1995-2019 
In the best model that explained 45% of the variation in changes in Quercus sapling 
density, percent silt, shrub cover, and ammonium were positively related with changes in 
Quercus sapling density (p = 0.03, p < 0.01, p < 0.0; Table 3). Other top models contained IMI 
and potassium, which were negatively related and positively related, respectively (Table 3). 
However, many plots did not have Quercus in the sapling layer (Appendix E). Plots that did have 
large increases of Quercus sapling density through time tended to be in xeric settings that had 
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experienced 3 or more fires and had large changes in canopy openness (Appendix G). Changes in 
Acer sapling density had a negative relationship with cation exchange capacity in the best model 
(p < 0.01), and a positive relationship with magnesium (p < 0.01; Table 3). In the best model, fire 
return interval was negatively related to changes in Carya sapling density, while ammonium was 
positively related (Appendix H). Changes in shade-tolerant saplings exhibited a weak negative 
relationship with silt, indicating smaller changes in shade-tolerant sapling density on silty sites (p 
= 0.046; Appendix H). Ammonium was positively related to changes in shade-intolerant sapling 
density (p < 0.01, R2 = 0.32), along with mean litter depth, along with several other soil nutrients 
(Appendix H). 
Sapling Models 2002-2019 
Changes in Quercus sapling density were positively related to shrub cover and 
ammonium, which collectively explained 39% of the variation (p < 0.01; Table 4). Other 
variables that were related to changes in Quercus sapling density include: IMI (negatively 
related), percent silt, potassium, and Quercus basal area (positively related) (Table 4). Changes 
in Acer sapling density had a negative relationship with fire return interval and cation exchange 
capacity (p < 0.001, p = 0.01) and was positively related to fire frequency and percent silt and 
negatively related to calcium (Table 4). Fire return interval and ammonium were negatively and 
positively related to changes in Carya sapling density, respectively (p < 0.01; Appendix I). 
Changes in Carya sapling density were also negatively related to nitrate and Carya basal area, 
and positively related to total understory cover (Appendix I). Fire return-interval was the only 
variable related to changes in shade-tolerant sapling density and had a negative relationship (p = 




Response Model Predictor Value SE df 
t 





1 Silt + 269.5 116.3 41 2.31 0.026 731.20 0.45 
Shrub Cover + 335.5 116.0   2.89 0.006 
Ammonium 513.3 116.9   4.39 < 
0.001 
2 Shrub Cover + 333.2 121.9 42 2.73 0.009 734.75 0.39 
Ammonium 545.3 121.9   4.47 < 
0.001 
3 Silt + 383.2 129.4 41 2.96 0.005 740.52 0.32 
Shrub Cover + 283.7 133.0   2.13 0.039 
Potassium 380.6 134.4   2.83 0.007 
4 Silt + 418.3 135.5 41 3.09 0.004 742.33 0.29 
Shrub Cover +  348.8 131.5   2.65 0.011 
Est N Release -336.2 136.3   -2.47 0.018 
5 Shrub Cover + 357.6 138.0 41 2.59 0.013 746.45 0.23 
IMI +   -239.9 141.0   -1.70 0.096 
Est N Release 253.4 139.8   1.81 0.077 
6 Silt + 329.9 138.3 42 2.39 0.022 746.56 0.21 
Shrub Cover 386.1 138.3   2.79 0.008 
7 Shrub Cover + 349.8 141.6 42 2.47 0.018 747.91 0.18 
IMI -292.7 141.6   -2.07 0.045 
8 Potassium 403.6 144.6 43 2.79 0.008 749.63 0.13 
9 Shrub Cover 387.2 145.7 43 2.66 0.011 750.28 0.12 
10 Understory 
Cover 
378.9 146.2 43 2.59 0.013 750.59 0.12 
11 IMI -337.5 148.5 43 -2.27 0.028 752.02 0.09 
12 Silt 331.3 148.9 43 2.23 0.031 752.22 0.08 
13 Quercus BA 2.4 1.2 43 2.09 0.042 752.75 0.07 
14 Mean Litter 
Depth 





99.08 43 -2.89 0.006 715.58 0.14 
2 Magnesium 285.28 99.15 43 2.88 0.006 715.64 0.14 
Table 3. Quercus and Acer sapling model results from 1995 to 2019 
Models relating changes in Quercus and Acer sapling density from 1995-2019 to fire, tree 
canopy, forest understory, soil base cations, soil macronutrients, soil texture, and soil moisture. 
Bold text indicates the model with the lowest AIC for each response. Est N Release, IMI, BA, 
and CEC are abbreviations for estimated nitrogen release, integrated moisture index, basal area, 
and cation exchange capacity. 
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  Response Model Predictor Value SE df t value p AIC R2 
⍙ Quercus 
saplings 
1 Shrub Cover + 335.8 122.0 42 2.75 0.009 734.82 0.39 
Ammonium 542.1 122.0   4.44 <0.001 
2 Silt + 388.2 129.0 41 3.01 0.005 740.25 0.33 
Shrub Cover + 286.8 132.7   2.16 0.037 
Potassium 377.5 133.9   2.82 0.007 
3 Silt + 423.4 135.0 41 3.14 0.003 742.00 0.30 
Shrub Cover + 351.2 131.0   2.68 0.011 
Est N Release -334.7 135.8   -2.47 0.018 
4 Ammonium 575.3 130.4 43 4.41 <0.001 740.28 0.30 
5 Silt + 400.1 134.4 42 2.98 0.005 743.11 0.27 
Potassium 456.2 134.4   3.39 0.002 
6 Silt + 294.1 137.3 41 2.14 0.038 745.27 0.25 
Quercus BA + 1.8 1.1   1.66 0.104 
Shrub Cover 369.9 135.4   2.73 0.009 
7 Silt + 335.5 137.8 42 2.43 0.019 746.21 0.21 
Shrub Cover 388.4 137.8   2.82 0.007 
8 Shrub Cover + 303.8 144.7 42 2.10 0.042 747.23 0.20 
Potassium 319.0 144.7   2.20 0.033 
9 Shrub Cover + 351.5 141.2 42 2.49 0.017 747.64 0.19 
IMI -297.1 141.2   -2.10 0.041 
10 Quercus BA + 2.2 1.1 42 2.00 0.052 748.05 0.18 
Shrub Cover 366.6 141.1   2.60 0.013 
11 Potassium 400.6 144.8 43 2.77 0.008 749.72 0.13 
12 Shrub Cover 389.5 145.5 43 2.68 0.011 750.15 0.12 
13 Understory Cover 380.7 146.0 43 2.61 0.013 750.49 0.12 
14 Silt 336.8 148.5 43 2.27 0.028 752.01 0.09 
15 IMI -342.1 148.2 43 -2.31 0.026 751.84 0.09 
16 Quercus BA 2.4 1.2 43 2.09 0.043 752.76 0.07 
17 Mean Litter Depth 289.9 150.8 43 1.92 0.061 753.38 0.06 
⍙ Acer 
saplings 
1 Fire RI + -353.9 86.9 42 -4.07 <0.001 700.13 0.27 
CEC -223.2 86.9   -2.57 0.014 
2 Fire RI + -296.4 83.5 42 -3.55 <0.001 700.98 0.26 
Calcium -199.2 83.5   -2.39 0.020 
3 Fire RI +           -288.6 84.1 42 -3.43 0.001 701.75 0.25 
pH -185.8 84.1   -2.21 0.033 
4 Fire RI -284.2 87.8 43 -3.24 0.002 704.69 0.18 
5 Fire Frequency 221.3 91.9 43 2.41 0.020 708.81 0.10 
6 Silt 182.3 93.9 43 1.94 0.059 710.72 0.06 
Table 4. Quercus and Acer sapling model results from 2002 to 2019 
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Models relating changes in Quercus and Acer sapling density from 2002-2019 to fire, tree 
canopy, forest understory, soil base cations, soil macronutrients, soil texture, and soil moisture. 
Bold text indicates the model with the lowest AIC for each response. Est N Release, IMI, BA, 
and CEC are abbreviations for estimated nitrogen release, intergrated moisture index, basal area, 
and cation exchange capacity. 
The best model for changes in shade-intolerant sapling density contained ammonium, 
which explained 33% of the variation and was positively related to the response (p < 0.001; 
Appendix I). In addition, mean litter depth, estimated nitrogen release, and calcium were all 
positively related to changes in shade-intolerant saplings (Appendix I). 
DISCUSSION 
We examined how varied numbers of prescribed fires affected tree regeneration in oak 
forests over 25 years across a soil moisture gradient. Quercus sapling density increased on some 
periodically and annually burned sites with xeric, relatively nutrient-rich soils. In contrast, 
Quercus seedling density changed little through time, especially on mesic sites. Acer seedling 
and sapling density decreased consistently through time, but with larger decreases on 
intermediate and mesic sites that experienced three to seven fires. Carya and shade-tolerant 
species decreased in density with more frequent fire, while shade-intolerant species density 
increased in response to prescribed fire. 
 In our study, prescribed fire implemented in xeric areas reduced the abundance of shade-
tolerant species, presumably leading to reduced competition and increased resource availability 
for Quercus and subsequent increases in Quercus sapling density, which has been documented in 
several other studies (Barnes & Van Lear, 1998; Hutchinson, Yaussy, et al., 2012; Kruger & 
Reich, 1997; Thomas-Van Gundy et al., 2015). Interestingly, plots that were burned periodically 
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(every three years) had larger increases in Quercus sapling density than plots burned annually. 
However, it is important to note that these outcomes occurred in only a handful of xeric plots, as 
many plots had no Quercus saplings present (36% to 44% of sites depending on the year). Fire-
free periods associated with the periodic treatments likely promoted growth of Quercus seedlings 
into saplings whereas more frequent fires repeatedly topkilled oak seedlings preventing growth 
into the sapling size class. These outcomes are consistent with Shifley & Smith (1982), who 
documented low survival of aboveground stems for Quercus individuals less than 13 cm DBH to 
annual, low-intensity fires (but variability in survival based on site quality and canopy openness). 
Collectively, these results suggest shorter fire-return intervals may be necessary to improve the 
competitive status of Quercus, but longer fire-free periods are essential for the development of 
larger saplings and poles which may not be top-killed by subsequent fires and eventually reach 
the canopy when openings occur.   
Quercus saplings responded differently depending on soil moisture and exhibited the 
largest increases on xeric sites. These findings are consistent with other studies and suggest that 
saplings on xeric sites are able to resprout quicker after being top-killed because of higher 
belowground allocation of resources to root production on xeric sites (relative to mesic sites) 
(Barnes & Van Lear, 1998; Hutchinson, Yaussy, et al., 2012; Vander Yacht et al., 2019). In our 
sites, Quercus sapling density was positively related to shrub cover, however, this relationship 
was driven by two plots and needs to be interpreted with caution. The two sites which have both 
larger increases in Quercus sapling density and high shrub cover is likely the result of enhanced 
growth of both Quercus and Vaccinium spp. on xeric slopes and ridgetops (Harrod et al., 2000). 
In contrast to saplings, Quercus seedling density was relatively constant through time, likely due 
to periodic germination resulting from acorn mast years.  
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Regeneration of Quercus seedlings and saplings is enhanced in areas with direct sunlight 
(Lorimer et al. 1994) and ecological processes or management activities that create canopy gaps 
to promote oak regeneration (Brose & Van Lear, 1998; Hutchinson, Long, et al., 2012; Iverson et 
al., 2008; Izbicki et al., 2020). Since 1995, the average amount of canopy openness has increased 
over time in our sites and a few plots have experienced large increases in canopy openness. 
Although the relationship between change in canopy openness from 1995 to 2019 and change in 
Quercus sapling density was weak (because only a handful of plots had increases in Quercus 
sapling density), the plots with increases in Quercus sapling density from 1995 to 2019 (n = 5) 
also had increased canopy openness through time (Appendix G). Mechanical thinning or other 
silvicultural treatments that open up the canopy, coupled with prescribed fire, may be needed to 
enhance oak regeneration, as suggested by several studies (Albrecht & McCarthy, 2006; Franklin 
et al., 2003; Iverson et al., 2008; Izbicki et al., 2020).  
Acer seedling and sapling density consistently decreased through time in most of our 
sites. There are several possible explanations for this. First, fire had little effect on Acer 
regeneration from 1995 to 2002, but over a longer period of time, the largest decreases in Acer 
seedling and sapling density occurred on periodically and annually burned sites. Frequent fire in 
the periodic and annual fire treatments likely contributed to declines in Acer density through time 
as fire often damages the cambium due to Acer’s relatively thin bark (Bova & Dickinson, 2005; 
Hare, 1965; Harmon, 1984). Second, Acer seedling density may have decreased because of 
growth to sapling size and Acer sapling density may have decreased because of growth into the 
tree size class. Third, 2019 may have been a poor recruitment year for Acer seedlings. A 
warming climate is the final potential explanation for why Acer has been decreasing through 
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time, due to decreases in soil moisture and increases in evapotranspiration associated with 
warming. 
 Carya species are relatively shade-intolerant and ecologically similar to Quercus species. 
Both species groups have relatively thick bark and can withstand recurrent fire. Through time, 
both Carya and Quercus saplings increased in some sites, however, Carya negatively responded 
to prescribed fire, in contrast to Quercus. Shade-tolerant species responded favorably in 
unburned areas with higher soil nutrients, as these are optimal growth conditions for shade-
tolerant species. In contrast, regeneration of shade-intolerant species increased on open, sunny 
sites, which prescribed fire promoted.  
In the original fire study that we re-sampled, Hutchinson, Sutherland, et al. (2005) found 
that annual and periodic fire did not significantly increase Quercus regeneration or reduce Acer 
density by 2002. When we revisited the fire experiment in 2019, we found that Quercus sapling 
density did increase through time in some dry sites that had been burned. The increase in 
Quercus sapling density likely resulted from multiple fires and a fire-free period, which reduced 
the abundance of shade-tolerant species (including Acer spp.) and promoted Quercus 
regeneration. A similar study found that Quercus seedlings did not respond to fire, while 
Quercus sapling density increased through time, especially on burned areas with fire-free periods 
(Keyser et al., 2017). Thomas-Van Gundy et al. (2015) reported similar findings: oak sapling 
density was highest under shorter fire return intervals followed by fire-free intervals. 
Collectively, these results indicate long-term studies are important in evaluating the effects of 
fire on oak regeneration, as long-term studies capture multiple fires along with fire-free intervals.  
We documented increases in advanced oak regeneration through time on some burned, 
xeric sites, particularly in areas that had fire-free intervals (periodic treatment) and more open 
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canopies, along with consistent declines in Acer seedling and sapling density, especially on sites 
that experienced multiple fires. Our study provides perspective on how fire affects oak 
regeneration over time across a soil moisture gradient and highlights the utility of long-term 
studies, which often reveal divergent fire effects relative to studies conducted over shorter 
intervals. Oak saplings can take decades before they become large enough to be considered a 
mid-story tree, so longer term studies are necessary to fully understand fire effects on oak 
advanced regeneration (Shifley & Smith, 1982). In managed forests, we recommend the 
implementation of multiple fires to increase canopy openness and reduce the number of shade-






HE EFFEC  OF FIRE ON HE HERBACEO  LA ER IN OAK-FORE : A 25-
EAR D  
INTRODUCTION 
Quercus (oak) species have been widespread and locally abundant in eastern U.S. forests 
for approximately the last 10,000 years (Abrams, 1992). Oak forests support high vascular plant 
and animal diversity (McShea et al., 2007; Roberts & Gilliam, 2003) and provide important 
ecosystem services. Dendrochronological records indicate that oak forests experienced frequent 
fire with average fire return-intervals of 2 to 20 years (Hutchinson et al., 2008, 2019; McEwan et 
al., 2007, 2014; Shumway et al., 2001; Sutherland, 1997), which promotes oak regeneration, 
increases light availability, and decreases soil moisture, which also benefits the understory layer 
(Hutchinson, Boerner, et al., 2005; Hutchinson, Long, et al., 2012; Nowacki & Abrams, 2008). 
However, the era of fire suppression in the early 20th century, and resulting increases in the 
abundance of mesic and shade-tolerant species, have negatively impacted oak-dominated 
ecosystems in the eastern U.S. (Abrams, 2005; Nowacki & Abrams, 2008).  
Several studies have documented that prescribed fire increases herbaceous cover in oak 
forests (Arthur et al., 1998; Glasgow & Matlack, 2007; Hutchinson, Boerner, et al., 2005; Lettow 
et al., 2014; Stevenson, 2016; Vander Yacht et al., 2017), as many grasses and forbs have life-
history traits (i.e. perennating meristems at or below the soil surface, high allocation 
belowground, high relative growth rates) that allow for rapid recovery after fire (Platt et al., 
1988; Raunkiaer, 1934; Whigham, 2004). In addition to the direct effects of fire, fire indirectly 
influences the understory layer by top-killing woody plants, and increasing canopy openness and 
light availability that reaches the forest floor, thereby increasing herbaceous cover and diversity 
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(Hutchinson, 2006). Fire has additional positive effects on the understory layer by reducing leaf 
litter and stimulating seed germination (Fowler, 1988; Hutchinson, 2006; Xiong & Nilsson, 
1999). Removal of leaf litter and combustion of fuel via fire is also beneficial for recycling 
nutrients back into the soil (Boerner & Brinkman, 2003; Hutchinson, Boerner, et al., 2005).  
 In addition to fire, herbaceous species composition and diversity in oak forests is 
influenced by topographically-mediated soil moisture and soil nutrient availability (Hutchinson 
et al., 1999). In the northern hemisphere, south and west facing slopes and ridges have drier soils 
and increased soil and air temperatures due to greater solar radiation and increases in 
evapotranspiration, while north and east facing slopes and ridges have more mesic soils and 
cooler temperatures (Hutchins et al., 1976; Wolfe et al., 1949). Drier areas, such as slopes and 
ridges, especially south and west facing, have lower species richness as opposed to wetter, or 
mesic, areas located in north and east facing valleys and hollows (Allen & Peet, 1990; Bridge & 
Johnson, 2000; Hutchinson, Boerner, et al., 2005; Lieffers & Larkin-Lieffers, 1987). While there 
have been many studies that explore the effect of fire on the forest understory (Arthur et al., 
1998; Elliott et al., 1999; Glasgow & Matlack, 2007; Hutchinson, Boerner, et al., 2005; Lettow et 
al., 2014; Peterson & Reich, 2008; Vander Yacht et al., 2017), few of them have examined the 
effects of fire over a longer period of time.  
Our overall goal was to quantify the effects of prescribed fire on the understory layer 
(forbs, graminoids, shrubs, and vines) over a 25-year period in southern Ohio, U.S. to provide 
long-term understanding of fire effects across a soil moisture gradient. We asked the following 
questions: (1) How has fire and soil moisture influenced understory species richness over time?; 
(2) How has fire and soil moisture influenced understory species composition over time?; and, 
(3) Which functional types have responded positively and negatively to fire? Understanding the 
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effects of fire on the understory layer in oak forests over the long-term will help to inform 
conservation and management decisions concerning best practices for maintaining native 
understory biodiversity.   
METHODS 
Study Area 
Data collection for the original fire experiment that we resampled took place from 1995 
to 1999 and 2002 within two sites, Young’s Branch (YB) and Bluegrass Ridge (BR), in the 
Ironton Ranger District of the Wayne National Forest, Ohio (Hutchinson, Boerner, et al., 2005; 
Sutherland & Hutchinson, 2003). These areas have dissected plateaus, high hills, sharp ridges, 
and attenuated valleys and are located in the Southern Unglaciated Allegheny Plateau region 
(McNab et al., 2007). Elevation ranges from 201 m to 304 m (Thornton et al., 2018). Mean 
annual temperature and precipitation are 12.18 °C and 1244 mm, respectively (Thornton et al., 
2018). In the late 19th and 20th century, YB and BR were clear-cut for charcoal and timber 
production (Stout, 1933; Sutherland & Hutchinson, 2003). These forests are approximately 100-
150 years old with an overstory dominated by white oak (Quercus alba L.) and chestnut oak 
(Quercus montana Willd.) (Sutherland & Hutchinson, 2003). The herbaceous layer at YB and 
BR is comprised of mostly perennial forbs followed by graminoids, trees, shrubs and woody 
vines, and annual forbs (Hutchinson, Boerner, et al., 2005). Common herbaceous species include 
Ageratina altissima (white snakeroot), Rubus sp. (blackberry), Viola sp. (violet), Arisaema 
triphyllum (jack-in-the-pulpit), and Helianthus divaricatus (woodland sunflower). 
Low intensity surface fires characterize the historic fire regime in southern Ohio 
(Sutherland, 1997). Fires occurred at the transition between the dormant and growing season 
(March to April, October to November) with a fire return interval of 5-15 years (Sutherland, 
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1997). In the early 20th century, fires were suppressed and excluded from forests and were not 
reintroduced until the mid-1950s, or later (Brose et al., 2001; Sutherland & Hutchinson, 2003). 
In southern Ohio, nearly all fires are caused by human ignitions, but lightning-ignited fires do 
rarely occur (Haines & Johnson, 1975; Ruffner & Abrams, 1998). In the Wayne National Forest, 
most fire now occurs through prescribed burning conducted in the early spring or late fall as a 
management tool to promote oak regeneration. 
Experimental Design 
Our work is a continuation of the study presented in Hutchinson, Boerner et al. (2005). 
Each site, Young’s Branch and Bluegrass Ridge, was divided into three fire treatment areas 
(approx. 25 ha each): control (unburned), periodic (burned 1996 and 1999), and annual (burned 
annually from 1996 to 1999). We re-sampled 45 plots of the original 54 plots, which consisted of 
9 plots per fire treatment in each site. Prescribed fires were conducted during the dormant season 
in early spring (March-April) for all years (1996 to 1999).  
Plots were chosen to represent a range of soil moistures using a GIS-derived Integrated 
Moisture Index (IMI) (Iverson & Prasad, 2003; Iverson et al., 1997). IMI predicts the average, 
long-term moisture available to plants at 30-m resolution using slope, aspect, landscape 
curvature, the cumulative flow of water downslope, and soil water holding capacity (Iverson & 
Prasad, 2003; Iverson et al., 1997). For each of the 45 plots, an average IMI was calculated using 
values from the four plot corners and two midpoints (see Iverson & Prasad, 2003), resulting in 
plot-level IMI values between 26.1 (driest) and 67.7 (wettest). Thereafter, soil moisture 
categories were assigned to each plot based on IMI: xeric (IMI < 35, N = 15), intermediate (IMI 
35 to 45, N = 15), and mesic (IMI > 45, N= 15).  
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In 1995, pre-treatment vegetation was collected, and vegetation was sampled in all years 
between 1996-1999 during the fire experiment. After the fire experiment ended in 1999, YB 
received one additional prescribed fire in 2008 that burned across all fire treatments. Plots in the 
periodic and annual treatments of BR experienced additional fires in 2004, 2015, and 2019. BR 
control plots have no record of recent prescribed fire or wildfire. 
Field Sampling 
In 2019, we resampled 45 of the original 54 plots using the same methodology used in 
1995 except where otherwise noted. Plots were permanently marked using steel rebar and were 
re-located using GPS and a metal detector. During 1995, the understory plant community were 
sampled twice during the growing season: once in May and once in August. In 2019, each plot 
was sampled one time during June to August due to time constraints. Each of the 45 plots (1,250 
m2) contained two subplots: the regeneration subplot (625 m2) and herbaceous subplot (625 m2) 
(Figure 1). In the herbaceous subplot, all vascular plant species excluding trees (shrubs, vines, 
graminoids, and forbs) were recorded within each of 16 quadrats measuring 2 m2 located across 
four 25 m transects spaced 5 m apart.  
In 1995 and 2019, the species and DBH of all trees ≥10 cm DBH were recorded within 
the entire 1250 m2 plot. Thereafter, changes in basal area and tree density were calculated to 
relate overstory structural changes to understory plant community responses. Leaf litter depth 
(cm) was measured from the bare soil to the top of the leaf litter (including the upper litter, 
fermentation, and humic layers) and was recorded in the center of each of the quadrats in 2019. 
Thereafter, a mean leaf litter depth was calculated for each plot. In 2019, soil samples were 
collected from two locations within each plot at two depths (0-10 cm, 10-30 cm) for a total of 
four soil samples per plot. The two samples for each depth were aggregated and then analyzed by 
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Brookside Laboratories Inc. using Mehlich extraction (Mehlich, 1984). Analysis of soil chemical 
and physical properties included texture (sand, silt, clay %), macro- and micro-nutrients, base 
saturation, total exchange capacity, pH, and estimated nitrogen release. For canopy openness, a 
hemispheric photograph was taken for each plot in both 1995 and 2019 with the camera in the 
center of the plot facing upslope. Gap Light Analyzer software was used to analyze the images to 
obtain percent canopy openness for each plot (Frazer et al., 1999). Changes in canopy openness 
through time were then calculated. 
Data Analysis 
All analyses on the understory vegetation data were performed on the 2019 data and data 
collected during the August 1995 sampling event. We chose to use the August data because it 
was more directly comparable to the 2019 data, as we sampled the majority of plots (76%) in 
July and August of 2019. Inclusion of both May 1995 and August 1995 would have otherwise 
inflated species richness in 1995 due to greater sampling effort. Furthermore, most of the species 
captured in May 1995 that were not observed in August 1995 were spring ephemerals, which 
were missing from many of our sites in 2019 due to sampling that occurred after their 
senescence.  
Species Richness 
 For both 1995 and 2019, we calculated species richness based on the total number of 
vascular plant species found in the 16 quadrats (32 m2). Thereafter, we calculated changes in 
species richness through time and related changes in species richness to fire frequency, fire 
return-interval, and to soil moisture (IMI) using linear mixed effects models with site (Young’s 
Branch, Bluegrass Ridge) as a random effect. Site was set as a random effect to account for the 
spatial autocorrelations of plots within sites. We also evaluated changes in species richness 
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relative to the original fire treatments (control, periodic, annual) and the IMI categories (xeric, 
intermediate, mesic) using linear mixed effects models as described above.  
Species Composition 
For each year (1995, 2019) we calculated species frequency for each plot by determining 
the number of quadrats (N = 16) that each species occurred in. Species frequency served as our 
measure of abundance. To explore compositional changes in response to fire and soil moisture 
through time, we calculated a Bray-Curtis dissimilarity matrix using frequency data and then 
visualized differences in species composition using non-metric multidimensional scaling 
(NMDS), which is the most appropriate indirect ordination technique for species abundance data, 
which is non-normally distributed and contains many zeros (McCune & Grace, 2002). The 
“bestnmds” function (R package labdsv, Roberts, 2019) was used to conduct NMDS, along with 
the “envfit” function (R package vegan, Oksanen et al., 2019) to overlay environmental and fire 
variables on the species composition space via vectors. We report the loadings and associated R2 
values of each significant (p < 0.05) environmental and fire variable on the NMDS solution 
between axes 1 and 2 and axes 2 and 3. To test for changes in species composition through time 
for each fire treatment and IMI category, we used PERMANOVA, a non-parametric, 
multivariate test for compositional differences between groups (Anderson, 2001).  
Functional Type Responses 
 To determine if functional types responded differently to fire frequency through time, we 
assigned each species to a functional type and then characterized changes in richness and 
frequency for each functional type from 1995 to 2019. Functional types included: perennial 
graminoids, annual graminoids, legumes, ferns, orchids, perennial forbs, annual forbs, shrubs, 
and vines. All statistical analyses were performed in R version 4.0.2 (RStudio Team, 2020).  
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RESULTS 
Question 1: how has fire and soil moisture influenced understory species richness over 
time? 
 Changes in species richness were significantly negatively related to fire return-interval (p 
< 0.01, pseudo R2 = 0.37) and significantly positively related to fire frequency (p < 0.01, pseudo 
R2 = 0.34) (Figure 6). The median change in species richness from 1995 to 2019 on control plots 
(no fire) was approximately 0, as some sites had decreases in species richness through time and 
some plots had increases (range = -15 to 20) (Figure 7). In contrast, species richness significantly 
increased through time (p < 0.01) on all periodically (range = 2 to 33) and annually burned plots 
(range = 4 to 22) (Figure 7). Changes in species richness were largest in a few plots that 
experienced periodic fire, but changes in species richness were not significantly different 
between the periodic and annual fire treatments (Figure 7).  
 
 Figure 6. Relationship between fire return interval and fire frequency with change in 
species richness from 1995 to 2019 

















































Changes in species richness from 1995 to 2019 relative to fire return interval (years) (A) and fire 




Figure 7. Changes in species richness versus fire treatment 
Changes in species richness versus fire treatment: control (no fire), periodic (every three years), 
annual (every year). Values shown in the boxplot are the median (horizontal black line), first and 
third quartiles (ends of the box), and range across all plots (vertical black lines). 
Change in species richness over time had no relationship with soil moisture (p > 0.05, 
Figure 8, Appendix J). However, changes in species richness in xeric sites exhibited larger 
variability through time: the largest increases in species richness and the largest decreases in 

























Figure 8. Changes in species richness versus soil moisture 
Changes in species richness versus soil moisture categories: xeric, intermediate, mesic. Values 
shown in the boxplot are the median (horizontal black line), first and third quartiles (ends of the 
box), and range across all plots (vertical black lines). 
Changes in species richness within a fire treatment category, did not significantly differ 
across soil moisture categories (p > 0.05; Figure 9). However, annually burned, mesic sites had 
the largest increases in species richness as indicated by the median, followed by periodically 
burned xeric sites (Figure 9). This is in contrast to control sites, where mesic and xeric sites had 

























Figure 9. Changes in species richness for each soil moisture-fire treatment combination 
Changes in species richness across all soil moisture-fire treatment combinations. Values shown 
in the boxplot are the median (horizontal black line), first and third quartiles (ends of the box), 
and range across all plots (vertical dashed lines) excluding the outliers (white dots). 
 Changes in species richness was weakly related to several variables related to or affected 
by fire (Appendix K). Time since fire had a negative relationship with changes in species 
richness (p < 0.05) while change in canopy openness had a weak positive relationship with 
changes in species richness (p = 0.09) (Appendix K). Changes in species richness were positively 
related to magnesium (p = 0.05), and weakly negatively related to mean litter depth (p = 0.07) 
(Appendix K). Silt percentage was positively related to changes in species richness (p = 0.08), 



























Question 2: How has fire and soil moisture influenced understory species composition over 
time? 
 Species composition, as measured by Bray-Curtis dissimilarity, exhibited strong 
directional changes from 1995 to 2019, as indicated by the length of the vector that connects the 
same plot to itself through time (Figure 5). The species compositional gradient represented by 
NMDS 1 is strongly correlated with time since fire (the number of years since a plot experienced 
fire) and most plots are moving directly along NMDS 1 through time (Table 1, Figure 5A). 
Similar to NMDS 1, time since fire is correlated with NMDS 3 and again appears to have a 
strong influence on changes in species composition through time (Table 1, Figure 5C). 
 PERMANOVA revealed no significant differences in species composition from 1995 to 
2019 for soil moisture categories (p = 0.51). In contrast, species composition was significantly 
different between fire treatments (controls, periodically burned, annually burned) (p < 0.05). 
Figure 10. Species composition ordinations 
Non-metric multidimensional scaling ordination showing changes in Bray–Curtis dissimilarity 
through time from 1995 to 2019 for NMDS 1 and 2 (A) NMDS 1 and 3 (B) and NMDS 2 and 3 
(C). Species compositional change is indicated by the length of vectors that connect the same 
plot over time. Environmental vectors indicate the directions of change of each variable with a 





















































significance threshold of p < 0.05 across compositional space: time since fire (years) (TSF), 
cation exchange capacity (mEq/100g) (CEC), clay (%), and change in basal area from 1995 to 
2019 (changeBA). 
 
Variable NMDS 1 
NMDS 
2  R




TSF -0.99 0.13 0.13 0.004 0.009 -0.99 0.1 0.01 
Clay % 0.74 -0.67 0.1 0.01 -0.64 0.77 0.08 0.05 
ΔBA 0.73 -0.68 0.11 0.006 -0.52 0.85 0.1 0.01 
CEC 0.49 -0.87 0.08 0.02 -0.88 0.47 0.07 0.04 
Table 5. Environmental and Fire Loadings  
 Loadings of environmental and fire variables on each combination of NMDS axes (1, 2; 2, 3). 
All ordination solutions had 3 dimensions and are shown in Figure 10. TSF, ΔBA, and CEC 
represent time since fire (years), change in basal area from 1995 to 2019 (m2/ha), and cation 
exchange capacity (mEq/100 g). 
Question 3: Which functional types have responded positively and negatively to fire? 
 Median richness values across all sites increased through time for annual forbs, perennial 
forbs, and perennial grasses (Figure 11). The median richness for ferns, legumes, orchids, shrubs, 
subshrubs, and vines did not change through time, but was driven by some sites with slight 
increases in richness and some sites with slight decreases (Figure 11). Overall, perennial forbs 
and perennial grasses had the largest increases in richness compared to other functional types 




Figure 11. Changes in functional type richness across functional type 
Changes in functional type richness versus functional types: annual forbs (aforb), ferns (fern), 
legumes (legume), orchids (orchid), perennial forbs (pforb), perennial grasses (pgrass), shrubs 
(shrub), subshrubs (subshrubs), and vines (vines). Values shown in the boxplot are the median 
(horizontal black line), first and third quartiles (ends of the box), and range across all plots 
(vertical black lines).  
For most sites, richness of annual forbs, perennial forbs, and perennial grasses increased 
on control plots while richness of ferns, legumes, orchids, shrubs, subshrubs, and vines decreased 
or did not change (Figure 12). On periodically burned areas, richness of most functional types 
increased except for ferns, subshrubs, and vines (Figure 12). Compared to other functional types 
on periodically burned areas, perennial forbs and perennial grasses experienced the largest 
increases in richness (Figure 12). On annually burned areas, richness of annual forbs, legumes, 
perennial forbs, perennial grasses, and shrubs increased (Figure 12). Across all sites, median 


























values for ferns, orchids, subshrubs, and vines remained near zero or decreased on annually 
burned areas (Figure 12). Overall, perennial forbs and perennial grasses had the largest increases 
in richness, especially on burned areas, compared to other functional types (Figure 12).  
 
 
Figure 12. Changes in functional type richness across fire treatments 
Changes in functional type richness versus fire treatments: control, periodic, and annual. Values 
shown in the boxplot are the median (horizontal black line), first and third quartiles (ends of the 
box), and range across all plots (vertical black lines). Functional types include annual forbs 
(aforb), ferns (fern), legumes (legume), orchids (orchid), perennial forbs (pforb), perennial 





































Prescribed fire increased understory plant species richness, especially perennial forb and 
grass richness, and resulted in large directional shifts in species composition over the course of 
25 years in our study sites. In contrast, sites that experienced no to little fire had smaller 
increases or no change in species richness. We did not detect different responses to fire based on 
underlying soil moisture: changes in species richness did not significantly differ across soil 
moisture categories, but instead were driven by fire frequency. These results suggest that fire can 
be an effective management tool for maintaining and increasing plant biodiversity in the 
understory of oak-dominated forests within the Southern Alleghany Plateau.  
We documented increases in understory species richness in sites that experienced more 
fire through time, which is likely due to increased resource availability in frequently burned sites. 
Other studies have documented that prescribed fire increases species richness by increasing 
resource availability for understory plant species (Boerner & Brinkman, 2003; Fowler, 1988; 
Lettow et al., 2014; Platt et al., 1988; Whigham, 2004). Specifically, fire reduces woody plant 
cover in the midstory (Glitzenstein et al., 2003; Hartman & Heumann, 2003), which increases 
canopy openness and light availability for the understory layer (Leach & Givnish, 1999; Lettow 
et al., 2014). In addition, fire reduces leaf litter on the forest floor, which stimulates germination 
from the seedbank, thereby increasing species richness (Fowler, 1988; Xiong & Nilsson, 1999). 
Combustion of woody plants and leaf litter during fire also contributes to increase nutrient 
availability by recycling nutrients back into the soil with potential positive effects for the 
understory layer (Boerner & Brinkman, 2003). Finally, frequent fire reduces the abundance of 
fire sensitive species and promotes vigorous re-sprouting of grasses and forbs, which have life-
history traits that allow them to recover rapidly after disturbance. Collectively, these changes 
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represent a shift from more fire-sensitive to more fire-adapted vegetation in frequently burned 
sites. 
We detected no significant differences in changes in species richness across soil moisture 
categories (xeric, intermediate, mesic) in response to fire. This suggests the fire benefited 
understory species in all moisture settings, through increased resource availability, reduced 
competition, and/or greater establishment. However, changes in species richness were larger on 
annually burned, mesic sites. This may suggest that fire had the largest benefits in mesic sites 
with a high plant understory cover by reducing the abundance of dominant and competitively 
superior species. Somewhat similar to our findings, the original study conducted by Hutchinson, 
Boerner, et al. (2005) found that species richness was not significantly affected by soil moisture 
or fire at the plot level but was significantly affected by fire at the 2 m2 quadrat level. In contrast, 
Glasgow and Matlack (2007) found that species richness was greater in valleys (which have 
more mesic soils) than ridges (which have more xeric soils), and that prescribed fire had little 
effect on species richness.   
Changes in species composition, as measured by Bray-Curtis dissimilarity, revealed fairly 
large, directional shifts from 1995 to 2019. Surprisingly, the only measured variable that was 
related to those directional changes was time since fire of plots when they were sampled in 2019. 
This indicates that how long after fire plots were sampled in 2019 may have influenced the 
direction and magnitude of composition changes from 1995 to 2019. Specifically, understory 
plant communities have shifted to a more fire-associated vegetation type. In contrast, fire 
frequency and fire return-interval seemed to be unrelated to changes in species composition 
through time when visualized using NMDS. However, PERMANOVA detected a significant 
difference in species composition between fire treatments (control, periodically burned, annually 
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burned). Somewhat consistent with our findings, Hutchinson, Boerner, et al. (2005) found that 
species composition on unburned plots (control) was significantly different from burned plots 
(periodic and annual) in 1999, but species composition was not significantly different on periodic 
versus annually burned plots. Other unmeasured variables, such as warming or differential deer 
browsing pressure over time, may have contributed to species compositional changes 
documented here.  
Perennial forbs and grasses responded most positively to fire followed by shrubs, 
legumes, annual forbs, ferns, orchids, vines, and then subshrubs. This may have occurred 
because perennial forbs and grasses allocate more resources below ground, making it easier for 
them to resprout after a fire, and generally have higher growth rates (Platt et al., 1988; 
Raunkiaer, 1934; Whigham, 2004). Similarly, the original study by Hutchinson, Boerner, et al. 
(2005) also found increases in richness of perennial grasses and summer-flowering forbs after 
fire. Comparable to our findings, a study conducted in oak savannas, woodlands, and forest 
stands in east-central Minnesota found that forb and grass species richness increased with more 
frequent fire (fire every 2 years), and that woody plant species richness decreased with more 
frequent fire (Peterson & Reich, 2008).  
We documented increases in species richness on periodically and annually burned sites 
with the largest increases occurring on annually burned, mesic sites. We also detected large shifts 
in species composition through time indicating a shift towards more fire-adapted vegetation. For 
changes in functional type richness, we found perennial forbs and grasses increased after 
periodic and annual fire. Our study contributes to the growing knowledge base of the understory 
layer’s response to fire across a soil moisture gradient and highlights the use of fire as a 
management tool to increase native biodiversity over the long term. Based on our results, we 
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suggest increasing the use of fire on sites impeded by dense midstory and leaf litter layers to 
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APPENDIX A: OFFICE OF RESEARCH INTEGRITY APPROVAL LETTER 
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APPENDIX B: PLOTS SAMPLED ACROSS FIRE TREATMENT AREAS AND SOIL 
MOISTURE CATEGORIES  
 
 
 6. P   A  F   A    M  C . Number 
of plots in both study areas (Bluegrass Ridge and Young’s Branch) for each Integrated Moisture 
Index (IMI) category (xeric, intermediate, mesic), and fire treatment: control (no fire), periodic 











  Site Fire Treatment Xeric Intermediate Mesic   
              
  Bluegrass Ridge Control 3 3 3   
    Periodic fire 2 3 2   
    Annual fire 2 2 2   
              
  Young's Branch Control 3 3 3   
    Periodic Fire 3 2 3   
    Annual fire 2 2 2   
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APPENDIX C: FIRE HI OR  FOR BL EGRA  RIDGE AND O NG  BRANCH 
Bluegrass Ridge Young's Branch   
Control Periodic Annual Control Periodic Annual   
  1996 1996 2008 1996 1996   
  1999 1997   1999 1997   
  2004 1998   2008 1998   
  2015 1999     1999   
  2019 2004     2008   
    2015         
    2019         
 
 7. F  H   B  R    B . The number of fires and years 
in which fire occurred for each fire treatment (control, periodic, annual) at Bluegrass Ridge and 
Young’s Branch. Fires that occurred between 1996 and 1999 were part of the original fire 
experiment, while fires afterward were implemented by the Wayne National Forest as a 














APPENDIX D: SPECIES INCLUDED IN SPECIES GROUPS 
Acer Carya Quercus Shade-Intolerant Shade-Tolerant 
A. rubrum C. cordiformis Q. alba Ailanthus altissima Aesculus flava 
A. saccharum C. glabra Q. coccinea Betula lenta Aesculus glabra 
A. sp. C. ovata Q. muehlenbergii Castanea dentata Aesculus octandra 
  C. sp.  Q. nigra Crataegus sp. Amelanchier arborea 
  C. tomentosa Q. montana Elaeagnus umbellata Asimina triloba 
    Q. rubra Juglans nigra Carpinus caroliniana 
    Q. sp. Liriodendron tulipifera Celtis occidentalis 
    Q. velutina Pinus echinata Cercis canadensis 
      Pinus sp. Cornus florida 
      Prunus serotina Diospyros virginiana 
      Prunus sp. Fagus grandifolia 
      Sassafras albidum Fraxinus sp. 
        Hamamelis virginiana 
        Ilex opaca 
        Ilex verticillata 
        Malus coronaria 
        Morus rubra 
        Nyssa sylvatica 
        Ostyra virginiana  
        O. arboreum 
        Tilia americana 
        Ulmus americana 
        Ulmus rubra 
        Ulmus sp. 
        Viburnam prunifolium 
 
 8.  I    G . Species included in the Acer, Carya, Quercus, 
shade-intolerant, and shade-tolerant species groups. Shade-intolerant and shade-tolerant groups 






APPENDIX E: SCATTERPLOTS OF FIRE TREATMENT AND INTEGRATED 
MOISTURE INDEX FOR CHANGE IN QUERCUS SAPLINGS FROM 1995-2019 
 
F  13.   F    I  M  I   C   
Q    1995-2019. Change in Quercus sapling density from 1995 to 2019 for 
the 45 plots versus fire frequency (number of fires each plot has experienced) (A) and the 
Integrated Moisture Index (IMI) (B). Plots are highlighted according to IMI category (xeric, 
intermediate, mesic) in A and according to fire treatment (control, periodic, annual) in B. Many 
plots had no Quercus saplings present and the plots with the largest increase in Quercus sapling 



























































APPENDIX F: CARYA, SHADE-TOLERANT, AND SHADE-INTOLERANT SEEDLING 
MODEL RESULTS FROM 1995-2019 AND 2002-2019 
  Response Model Predictor Value SE df t value p AIC R2 
⍙ Carya 
seedlings 95-19 
1 ⍙ Canopy Open -693 291 43 -2.38 0.02 812.5 0.1 




1 Time Since Fire 
+ 
-16507 7977 42 -2.07 0.05 1111.4 0.1 
Calcium 12307 7977   1.54 0.13 
2 Time Since Fire -17161 8093 43 -2.12 0.04 1111.8 0.07 
3 Fire RI -14798 8201 43 -1.8 0.078 1113.0 0.05 
⍙ Carya 
seedlings 02-19 




1 Calcium 2082 873 43 2.39 0.021 911.37 0.10  
2 Magnesium -1971 879 43 -2.24 0.030 912.00 0.08  




1 Time Since Fire 
+ 
-8461 2919 41 -2.90 0.006 1021.90 0.33 
Shrub Cover + -7216 2943   -2.45 0.019 
IMI 8513 2943   2.89 0.006 
2 Time Since Fire + -8329 3088 42 -2.70 0.010 1026.05 0.25 
IMI 9438 3088   3.06 0.004 
3 Shrub Cover + -8308 3164 42 -2.63 0.012 1028.25 0.21 
Time Since Fire -8572 3164   -2.71 0.010 
4 Shrub Cover + -7059 3191 42 -2.21 0.033 1028.28 0.21 
IMI 8625 3191   2.70 0.010 
5 IMI 9529 3305 43 2.88 0.006 1031.24 0.14 
6 Time Since Fire -8432 3374 43 -2.5 0.016 1033.09 0.11 
7 Shrub Cover -8163 3389 43 -2.41 0.020 1033.50 0.10 
8 Exchange 
Capacity 
8038 3396 43 2.37 0.022 1033.68 0.09 
9 Fire RI -7324 3434 43 -2.13 0.039 1034.67 0.07 
10 Calcium 7311 3434 43 2.13 0.039 1034.68 0.07 
11 Fire Frequency 6749 3461 43 1.95 0.058 1035.38 0.06 
12 Shade Intol BA 6697 3463 43 1.93 0.060 1035.44 0.06 
 
 9. Car a, - ,  -I   M  R   1995-
2019  2002-2019. Models relating changes in Carya, shade-intolerant, and shade-tolerant 
62 
seedling density from 1995-2019 and 2002-2019 to fire, tree canopy, forest understory, soil base 
cations, soil macronutrients, soil texture, and soil moisture. Bold text indicates the model with 





















APPENDIX G: CHANGE IN QUERCUS SAPLINGS VERSUS CHANGE IN CANOPY 
OPENNESS FROM 1995-2019 
 
F  14. C   Q erc    C   C  O   1995-
2019. Change in Quercus saplings from 1995 to 2019 versus change in canopy openness from 
1995 to 2019. Plots are highlighted according to IMI category (xeric, intermediate, mesic) and 
according to fire treatment (control, periodic, annual). Many plots had no Quercus saplings 
present and the plots with the largest increase in Quercus sapling density occurred on xeric sites 





APPENDIX H: CARYA, SHADE-TOLERANT, AND SHADE-INTOLERANT SAPLING 
MODEL RESULTS FROM 1995-2019 




1 Fire RI +  -80.1 25.6 42 -3.13 0.003 593.79 0.27 
 Ammonium 84.4 25.6   3.30 0.002 
2 Time Since Fire +  -57.2 26.8 42 -2.14 0.040 598.60 0.19 
  Ammonium 76.8 26.8   2.87 0.006 
3 Ammonium 73.2 27.8 43 2.63 0.012 601.23 0.12 
4 Fire RI -68.3 28.1 43 -2.43 0.019 602.16 0.10 
5 Understory Cover 59.7 28.5 43 2.09 0.042 603.59 0.07 
6 Shrub Cover 57.5 28.7 43 2.01 0.051 603.93 0.06 








1 Ammonium 111.3 24.0 43 4.64 0.000 587.95 0.32 
2 Mean Litter Depth 
+   
78.3 25.4 42 3.08 0.004 592.31 0.26 
  Est N Release 87.8 25.4   3.45 0.001     
3 Mean Litter Depth 
+ 
68.1 26.1 42 2.61 0.012 595.82 0.21 
Magnesium  -73.0 26.1   -2.80 0.008 
4 Mean Litter Depth 
+ 
84.8 28.2 42 3.00 0.005 597.61 0.17 
Calcium 68.6 28.2   2.43 0.020 
5 Est N Release 71.9 27.3 43 2.64 0.012 599.47 0.12 
6 Mean Litter Depth 60.6 27.9 43 2.17 0.035 601.53 0.08 
 
 10. Car a, - ,  -I   M  R   1995-
2019. Models relating changes in Carya, shade-intolerant, and shade-tolerant sapling density 
from 1995-2019 to fire, tree canopy, forest understory, soil base cations, soil macronutrients, soil 




APPENDIX I: CARYA, SHADE-TOLERANT, AND SHADE-INTOLERANT SAPLING 
MODEL RESULTS FROM 2002-2019 




1 Fire RI + -74.5 26.5 42 -2.81 0.008 596.98 0.27 
Ammonium 93.4 26.5   3.52 0.001 
2 Ammonium 82.9 28.3 43 2.93 0.005 602.73 0.15 
3 Fire RI + -71.9 29.2 42 -2.46 0.020 604.85 0.13 
Nitrate -55.9 29.2   -1.92 0.060 
5 Understory Cover 65.2 29.3 43 2.22 0.032 606.04 0.08 
6 Fire RI -61.4 29.5 43 -2.08 0.044 606.62 0.07 








1 Ammonium 108.7 22.8 43 4.76 0.000 583.37 0.33 
2 Mean Litter Depth +   76.3 24.5 42 3.11 0.003 588.92 0.26 
Est N Release 81.7 24.5   3.33 0.002     
3 Mean Litter Depth + 66.5 25.2 42 2.64 0.012 592.85 0.19 
Magnesium -65.0 25.2   -2.58 0.014     
4 Mean Litter Depth +  81.1 27.3 42 2.97 0.005 594.51 0.16 
Calcium 60.4 27.3   2.21 0.033 
5 Est N Release 66.2 26.3 43 2.52 0.020 596.26 0.11 
6 Mean Litter Depth 59.8 26.7 43 2.24 0.030 597.47 0.08 
7 Magnesium -58.2 26.8 43 -2.18 0.040 597.75 0.08 
 
 11. Car a, - ,  -I   M  R   2002-
2019. Models relating changes in Carya, shade-intolerant, and shade-tolerant sapling density 
from 2002-2019 to fire, tree canopy, forest understory, soil base cations, soil macronutrients, soil 







APPENDIX J: CHANGES IN SPECIES RICHNESS VERSUS IMI 
 
F  15. C    R   IMI. Changes in species richness from 1995 to 





































APPENDIX K: CHANGES IN SPECIES RICHNESS VERSUS MULTIPLE VARIABLES 
 
F  16. C    R   M  . Changes in species 
richness versus time since fire (years), change in canopy openness (%), magnesium (Mg; mg/kg), 
silt (%), mean litter depth (cm), and sand (%). Points in blue represent plots and the black 
horizontal line represents the regression line.  
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